In the phylogenic tree of the green algae, there are three tendencies in the evolution of the thallus organization: (1) a biflagellate, unicellular cell cooperates to form rather complex motile colonies (the volvocine tendency); (2) a single cell type becomes locally highly differentiated and multinucleic (the siphonous tendency); and (3) a single cell type becomes immobile col onies in a gelatinous matrix which develop into simple sheets of parenchyma-like tissue (the tetrasporine tendency) (Weier et al. 1970 ). In the isogamous unicellular alga Chlamydomonas reinhardtii, several studies involving chloroplast DNA (cp-DNA) and maternal inheritance have been performed (Sager and Ramanis 1973 , Kuroiwa et al. 1982 , Kuroiwa 1985 , 1992 . The preferential degradation of male chloroplast nuclei (cp-nuclei) occurs in young zygotes of iso gamous or primitively anisogamous green algae, Chlamydomonas reinhardtii (Kuroiwa et al. 1982, Tsubo and Matsuda 1984) and C. moewusii (Coleman and Maguire 1983) , siphonous algae, Acetabularia calyculus (Kuroiwa et al. 1985) and Dictyosphaeria cavernosa (Kuroiwa et al. 1985) , and a membranous, anisogamous alga Monostroma nitidum (Kuroiwa et al. 1992) . The preferential digestion of male-derived cp-nuclei seems to be responsible for the maternal inheritance of chloroplast genes (Kuroiwa et al. 1982 (Kuroiwa et al. , 1992 . However, there is very little information on the behavior of cp-nuclei in view of the maternal inheritance in the colonial algae in the volvocine line. Such colonial Volvocales are a complex group of organisms which represent three types of sexual reproduction, i.e., isogamy, anisogamy and oogamy (Nozaki 1986) .
The aim of the present work was to examine the fate of cp-nuclei during spermatogenesis and fertilization in the oogamous alga Volvox carteri using epifluorescence microscopy. in the whole cell nucleus, and in the cp-nuclei were determined directly using a video-intensified photon counting sytem (VIMPICS) (Hamamatsu Photonics LTD, Hamamatsu, Japan) as de scribed previously (Kuroiwa et al. 1986 ). The fluorescence intensity of T4 phages, which had been fixed and stained in the same manner, was used to express the relative fluorescence inten sity of cp-nuclei (T4; 70,000 counts=1T).
Results
Observation of cp-nuclei in somatic cells and in an egg cell A vergetative colony of Volvox carteri is a hollow sphere in which 1000-2000 similar individual somatic cells are arranged to form a coenobium. Before sexual induciton, the Chloroplast and cp-DNA during spermatogenesis Induced male colonies of V. carteri f. kawasakiensis are one of two types, i.e. either with somatic cells and androgonidia or only androgonidia.
In either case, the androgonidia un dergo repeated cell divisions and eventually produce sperm packets which usually consist of 64 sperm cells. The overall shape of the mature androgonidia is nearly spherical or ovoid.
Since its large chloroplast has many pyrenoids, it is similar to that of gonidia. However, the cp-nuclei of the androgonidia have different appearances than those of the eggs of the asexual gonidia. They appear as amorphous clumps surrounding the pyrenoids (Figs. 2a, 2b ). The spherical cell nucleus is faintly stained with DAPI, and is located at the center of the cell. The androgonidium divides into 2-cell spermatocytes (Figs. 2c, 2d ). In the 2-cell spermato cytes, pyrenoids become small and increase in number. Cp-nuclei appear fine and thread like, and are distributed throughout the entire chloroplast (Figs. 2c, 2d) .
The 2-cell spermatocytes divide into 4-cell spermatocytes, and chloroplasts with pyrenoids also divide into daughter cells. Cp-nuclei appear as many dots. Each cell contains a spheri cal cell nucleus and a chloroplast with pyrenoids. Cp-nuclei are also observed surrounding pyrenoids as short strings or small dots (Figs. 2e, 2f) .
The 4-cell spermatocytes divide to form 8-cell spermatocytes.
In the 8-cell spermato cytes, the cell nuclei have clearly spherical shapes, while cp-nuclei also begin to condense and pyrenoids become unclear (Figs. 2g, 2h ).
In the 16 and 32-cell spermatocytes, the cell-nuclei and cp-nuclei become more clear . After the division of 32-cell spermatocytes, the cell nuclei in the newly formed 64-cell spermatocytes appear as spherical dots which emit a strong blue white fluorescence and are unevenly distributed in cells (Figs. 3e, 3f) . The chloroplast occupies a position in the cell which is opposite that of the cell nucleus. The cells elongate and two short flagella appear at their anterior tips. The cp-nuclei become visible as they increase in fluorescence intensity. The chloroplast and cp-nuclei of the sperm during mating reaction Many sperm packets are formed in the male colonies (Figs. 4a, 4b) . The mature sperm packets leave their parental colony and swin to female colonies. When they atatch to the surfaces of female colonies, the packets are broken and many sperms are relaeased. The sperm has spindle shape with two flagella, and contains a rectangular nucleus and a cup-shaped chloroplast. A few small mitochondria are located at the base of the flagella (Figs. 4c-4f ). Many sperms penetrate into female colonies through the colonial envelope and swim to egg cells (Figs. 5a, 5b) . In this state, approximately 20% of sperms have no cp-nuclei, al though other sperms show one or two cp-nuclei in the chloroplast.
Many of them reach the surfaces of egg cells. They either rush into the egg cell with their anterior tip (Fig. 5a, 5b) , or lie down on the egg (Figs. 5c, 5d ). In the next stage, the sperm cell nucleus, which is stained with DAPI, is situated under the egg cell membrane, while the same image with phase contrast microscopy reveals that the degenerating or discarded sperm body is left outside of the egg cell membrane (Figs. 5e, 5f ). The sperm nucleus gradually enters the inner part of the egg cell, but the discarded sperm body can still be observed on the egg surface (Figs. 5g,  5h ). In these cases, the DAPI-stained cp-nuclei-like dots can not be seen either near the sperm nucleus in the egg cytoplasm or in the discarded sperm body. By contrast, the egg contains many cp-nuclei surrounding pyrenoids. These results suggest that the preferential digestion of sperm cell-derived cp-nuclei and mitochondrial nuclei occurs just before and during plasmogamy.
Quantification of cp-DNA by VIMPICS
To verify the hypothesis of the preferential digestion of cp-nuclei before and during fertili zation, the fluorescence intensity of cp-nuclei at various stages during spermatogenesis was measured by VIMPICS (Table, 1 ). The amount of cp-DNA per spermatocyte decreased in a stepwise manner due to the absence of DNA duplication between cell divisions. Then, a marked decrease in the amount of cp-DNA occurred after the release of sperms from sperm packets, although the cp-nuclei are not completely digested in the total sperms before the fertilization. However, there is no discernible sperm cell-derived cp-DNA in the fertilized egg cells. These results support the idea that the preferential digestion of cp-DNA in sperms occurs after they have penetrated into the female colonies before and during fertilization.
Discussion
The preferential digestion of male-derived cp-nuclei in the isogamous green algae occurs in young zygotes immediately after gametic union and this phenomenon seems to be responsible for maternal inheritance of chloroplast genes (Kuroiwa et al. 1982 (Kuroiwa et al. , 1992 . Although the maternal inheritance has not been demonstrated genetically in Volvox , the preferential digestion of cp-DNA was found to occur in sperms immediately before and during fertilization in the oogamous alga Volvox carteri in the present study . In the anisogamous alga Bryopsis maxima, it was shown by cytological (Kuroiwa and Hori 1986 , 1991) and biochemical techniques (Kuro iwa and Hori 1991) that the preferential disappearance of cp-DNA occurs during gameto genesis before mating. These results did not conflict with the observations in B. plumosa (Ogawa et al. 1988 , Saito et al. 1989 ). In species of higher plants which are known to display maternal inheritance (Miyamura et al. 1987 , Corriveau and Coleman 1991 , Kuroiwa 1990 , Corriveau et al. 1990 ), the preferential disappearance of cp-nuclei occurs in sperm cells im mediately after the unequal division during gametogenesis in pollens . Futhermore, in the fern Pteris vittata L., the preferential digestion of cp-DNA which is present during spermato genesis, occurs in mature sperms before fertilization . And in these plants, nuclease C may be responsible for the digestion of cp-DNA in cp-nuclei (Sodmergen et al. 1991 , Kuroiwa 1992 . In addition, in the oogamous higher alga Chara corallina, which is phylogenetically intermediate between green algae and land plants (Bold and Wynne 1985) , the organelle nuclei, which are present in antheridial filaments at the early spermatid stage, disappear in mature spermatid (Sun et al. 1988) . Our interests concern the behavior of cp nuclei in the oogamous Volvox, which is in a different phylogenetic position from Chara (Bold and Wynne 1985) . In the present experiments, the number of cp-nuclei and cp-DNA content per chloroplast of spermatocyte are reduced by half during spermatogenesis in Volvox carteri as in other anisogamous and oogamous green plants, and in explanation of this reduction, it is assumed that the division of chloroplast does not accompany the duplication of cp-DNA. While, the sperms entered into female colonies drastically reduce the number of their cp-nuclei and DNA-content compared with sperm cells in sperm packets, and it suggests that the female colonies or egg cells actively work for the preferencial digestion of sperm cp-DNA before fertilization. In a report relating to cp-DNA of Volvox carteri, Coleman and Maguire (1982) reported that the amount of plastid DNA contained in somatic cells did not increase during colony growth. In addition, most sperm cells contained plastid DNA. But approximately 5% of somatic cells and up to 20% of sperm cells had no discernible plastid DNA (Coleman and Maguire 1982) . In the present experiments, we also detect that the amount of cp-DNA of the somatic cells does not increase during colony growth, but cp-DNA exists in all the somatic cells of the colonies as well as in all the spermatocytes and sperm cells in the sperm packets. It seemed that the difference of the results were originated from the technical matter and the dif ference of the stages of each sperm cell.
Summary
The fate of chloroplast nuclei (cp-nuclei; cp-nucleoids) was followed during spermato genesis and fertilization in the oogamous alga Volvox carteri by epifluorescence microsopy, after staining with 4'-6-diamidino-2-phenylindole (DAPI), and by quantification of chloroplast DNA by fluorimetry using a video-intensified, photon counting (VIM) system.
The mature androgonidium contains a single large chloroplast, which has many pyrenoids surrounded by large cp-nuclei. Six cell divisions occur after androgonidia maturation to form 64 sperm cells in a packet. During the formation of sperm packets, the cell-nuclei are syn thesized in relation to the mitotic cycle. By contrast, the volume of each spermatocyte and the amount of cp-DNA in each choloroplast are reduced stepwise by each division. Finally at the sperm cell stage, the volume of them reachs approximately 1/64 of the original values in the mature androgonidium.
In sperm packets, each sperm cell has 3-6 cp-nuclei in their chloroplast. In contrast, mature egg cells in the female colonies have many dispersed cp nuclei in a large chloroplast.
When the sperm packets are broken to release sperms at the surface of the fmale colonies, almost all of the sperms show up to three cp-nuclei in the chloro plast. After the sperms have penetrated into the female colonies, approximately 20% of the sperms show no cp-nuclei in the chloroplast, and 50% of them show only one cp-nucleus and other have up to three cp-unclei. And the amount of cp-DNA per sperm cell determined by VIM system shows the remarkable decrease. After plasmogamy, cp-nuclei originating from the sperms could not be recognized at all in the egg cytoplasm. These observations suggest that maternal inheritance of chloroplast genes in Volvox is certainly present which would be based on the preferential degeneration of the male chloroplast nuclei as in other green plants.
